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Abstract 
The design, fabrication and integration of capacitive void fraction sensors for microfluidic applications in silicon 
microchannels of 100 Pm wide and 500 Pm deep are described. Microfabrication steps such as electrode deposition, 
glass dicing and drilling and the anodic bonding process are elucidated. A read-out circuit was designed to convert 
capacitive input signals into a large-swing analog output signal. The signal processing algorithm is discussed. 
Measurements showing the variation of the output signal in function of the gas content in the air/water-mixture that 
was pumped through the microchannels are presented. 
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1. Introduction 
Microelectromechanical structures (MEMS) sensitive to pressure, flow rate [1] and chemical 
composition [2] are already quite common in microfluidics. However, the miniaturization of vapour or 
void fraction sensors has received significantly less attention over the past few years [3, 4]. Sensing 
mechanisms for two-phase regimes vary from straight-forward conductivity-based solutions to complex 
optical measurements [3]. Moreover, prior research has shown that the capacitive sensing principle can be 
exploited for this purpose. However, most of these devices were developed for minichannels, with 
diameters ranging from several centimeters down to a few millimeters, typically with helical or concave 
electrodes [4]. Reports on void fraction sensors for microchannels are rather scarce [5, 6].  
This article presents fully integrated void fraction sensors, based on a parallel-plate capacitance 
measurement, for microchannels with a cross-sectional area of less than 0.1 mm2. The design and 
fabrication of a dedicated read-out circuit are described and  measurement results are presented. 
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2. Capacitive void fraction sensors 
The application leading to this research concerns micro-cooling of high performance electronic 
components. Refrigerant is pumped through silicon microchannels, attached to a chip with high heat 
output. The transferred heat will induce partial evaporation of the refrigerant. To maintain this two-phase 
regime inside the channels, their content must be monitored and the measured signals must be coupled 
back to a flow rate controller. An overview of the system is shown in Fig. 1(a). Throughout the research, 
a mixture of air and deionized water was used to mimic boiling refrigerant.  
 
 
 
 
 
 
 
 
 
 
 
 
 (a)                     (b) 
Figure 1: (a) Silicon channels and glass with sensors and holes for refrigerant entry and exit. Contact pads for the sensors protrude 
from underneath the silicon after bonding. (b) Modelled channel exit cross-section (not to scale) showing sensor configuration. 
2.1. Working principle and design 
As shown on Fig. 1(b), each sensor consists of two electrodes, forming a parallel-plate capacitor. The 
capacitance C measured between the electrodes depends on the plate area A, the distance d between the 
plates and the vacuum permittivity H0 (8.85·10-12 F/m).   
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Thus, the only variable on the right-hand side of equation 1 is the relative permittivity Hr, which is a 
function of the channel content, i.e. the composition of the water/air-mixture. This can be described using 
the vapour or void fraction D. For high D, the channel permittivity Hr,D will approach Hr,air, whereas for low 
D it will approach Hr,water. 
 , , ,r air r r waterDH H Hd d  with Volume gas in mixture Total volumeD   (2) 
Each silicon microchannel is 1 cm long, 100 Pm wide and 500 Pm deep. Each sensor has an individual 
sensing electrode on the glass measuring 80 Pm by 1 mm, located near the channel exit as shown in Fig. 
1(a). All sensors share a common counterelectrode, deposited on the back of the silicon microchannels. 
Using the tracks leading from the sensing electrodes to the contact pads, four sensors are measured in 
parallel to increase the capacitive signal swing. 
2.2. Fabrication and integration 
The fabrication of the sensors starts with a physical vapour deposition (PVD) of 250 nm of chromium 
on a borosilicate glass substrate. The chromium is patterned to form the sensing electrodes, tracks and 
645 Pieter Gijsenbergh et al. /  Procedia Engineering  47 ( 2012 )  643 – 646 
contact pads. A PVD of 300 nm of Pyrex insulates the sensors. Above the contact pads, the Pyrex is 
etched away using buffered hydrogen fluoride (BHF). The glass wafer is diced using a diamond sawing 
tool and fluid entry and exit holes are drilled in the glass dice using a Sauer Ultrasonic 70/5 drilling tool.  
A silicon die with microchannels is cleaned in BHF and a glass die is cleaned using aceton, IPA and 
water. Both dice are then carefully aligned and subsequently anodically bonded (see Fig. 2). After anodic 
bonding, a 250 nm layer of molybdenum is deposited on the backside of the silicon via a hard masked 
PVD. This layer is the top electrode shown on Fig. 1(b). 
 
 
 
 
 
 
(a)                                                                                               (b)    
Figure 2: (a) Voltage (black) and current (grey) for a typical anodic bonding process. To prevent excessive current, the voltage was 
increased stepwise. (b) Sensing electrodes on glass aligned between the silicon microchannel walls. 
3. Sensor read-out circuit 
3.1. Design and fabrication 
A 16-bit capacitance-to-digital converter (CDC) was selected (AD7142-1) to digitize the information 
in the measured channel capacitance with high resolution. A digital-to-analog converter (DAC) with full-
swing output range provides the analog output of the circuit (AD5667). Both ICs are connected via a 
microcontroller (PIC12F1822) which is programmed to process the signals coming from the CDC and 
feed the information to the DAC. Fig. 3 shows a block diagram of the full circuit. 
 
 
 
 
Figure 3: Block diagram of the signal processing circuit. 
 
The active components are soldered onto a flexible polyimide substrate, along with the necessary 
passive components. The input channels to the CDC are wirebonded to the contact pads on the glass 
substrate and the wires are embedded in a rigid polymer for protection. 
3.2. Microcontroller programming 
The microcontroller mainly contains the assembly code for the I2C communication, CDC initialization 
(offsett stray capacitance) and a signal processing (scaling) algorithm. For one sensor, the small change 
between fully dry (D= 1) and fully wet (D= 0) channels is amplified 256 times by shifting the digital 
signal, without losing any digital information. Furthermore, for multiple sensors, i.e. the entire array, the 
microcontroller can select the most dominant value (highest D) to send to the DAC. All signals processed 
by the microcontroller can also be monitored on a computer via a EUSART interface. 
Ideally, a calibration is done where both the wet and dry state are measured for all sensors/channels. 
These values can be used to obtain a full-swing output. This more advanced algorithm was implemented 
as well, but comes with the cost of significantly more processing time, due to the 16-bit calculations. 
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4. Results and conclusion 
A test setup was built to create a two-phase flow through the microchannels using a Watson-Marlow 
5003U peristaltic pump and an air flow meter. The void fraction was regulated by adjusting the rotation 
speed of the pump and/or the air flow. Pictures of the tubing leading towards the channels were used to 
verify the void fraction, see Fig. 4(a). Fig. 4(b) shows the average measured output and standard 
deviations in function of the void fraction. 
 
 
 
 
 
 
 
 
                                             (a)                                                                                                       (b)    
Figure 4: (a) Close-up picture of the tube leading towards the silicon microchannel array. The void fraction is approximately 45%. 
(b) Analog output of a void fraction measurement using a single sensor. The linear fit (dashed line) has an R2 of 0.99. 
 
A miniaturized, integrated, capacitive void fraction measurement system with a dedicated read-out 
circuit was designed, built and tested. A scaling algorithm was written for the microcontroller to increase 
the analog voltage output swing. Thus, a sensitivity of -12.5 mV per percent air fraction in a water/air-
mixture was obtained. 
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